Transfection experiments with plasmids containing immediate early (IE) genes of herpes simplex virus type l (HSV-1) have previously demonstrated a role for the IE polypeptide Vmw110 (ICP0) in stimulating expression from plasmid-encoded early gene promoters. To gain further insights into the function of Vmw110 we isolated a deletion mutant specifying a truncated form of the polypeptide which had been shown to be inactive in transfection assays. This mutant, dl1403, contained a 2 kb deletion within both the TRL and IRL copies of the Vmw110 gene, and encoded a polypeptide consisting of the original N-terminal 105 amino acids followed by 56 amino acids specified by a reading frame not used by Vmw110. dl1403 was able to replicate and produce plaques on baby hamster kidney (BHK) cells but the yield of infectious virus was 20-to 100-fold lower than obtained with wild-type HSV-1.
INTRODUCTION
Transcription of the herpes simplex virus type 1 (HSV-1) genome during lytic infection of permissive cells is temporally regulated and occurs in three phases; immediate early (IE), early and late (Honess & Roizman, 1974; Swanstrom et al., 1975; Clements et aL, 1977; Jones & Roizman, 1979) . Two important properties distinguish IE (or ~) genes from early and late genes. First, their expression is stimulated by a polypeptide component of the virus particle (Post et al., 1981 ; Cordingley et al., 1983; Batterson & Roizman, 1983; Campbell et al., 1984) , and second, they are transcribed in the absence of de novo viral protein synthesis (Honess & Roizman, 1974; Clements et al., 1977; Anderson et al., 1980) . Five of the approximately 75 genes encoded by HSV-1 belong to the IE class and these specify the polypeptides Vmw175 (ICP4), Vmw110 (ICP0), Vmw68 (ICP22), Vmw63 (ICP27) and Vmwl2 (ICP47) (for review, see Wagner, 1985) . The physical map locations of the IE genes have been identified (reviewed by Wagner, 1985) and their DNA sequences determined (Watson & Vande Woude, 1982; Murchie & McGeoch, 1982; McGeoch et al., 1985 McGeoch et al., , 1986 Perry et al., 1986) .
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The observation that inhibition of viral polypeptide synthesis results in limited expression of the HSV-1 genome indicates that at least one IE gene product is required for the transition to the early and late phases of infection. Further information on the functions of individual IE polypeptides has been obtained principally by two approaches; namely the characterization of mutants carrying lesions in IE genes, and the use of plasmids encoding IE products in short-term transfection assays.
The most intensively investigated of the IE genes is that encoding Vmw175. Studies with viruses containing temperature-sensitive lesions in this gene have demonstrated that a functional Vmw 175 polypeptide is essential for the transition from the IE to the early phase, and for the maintenance of the early and late patterns of transcription (Preston, 1979; Watson & Clements, 1980; Dixon & Schaffer, 1980) . More recently, characterization of ts mutants with defects in Vmw63 has indicated that this polypeptide also performs an essential replicative function although, unlike Vmw 175, it does not appear to be required until after the onset of early gene expression and viral DNA synthesis (Sacks et al., 1985) . An HSV-1 mutant which carries a 500 bp deletion within the sequences encoding Vmw68 has also been isolated. Although this virus replicates efficiently in certain cell lines (e.g. HEp-2, Vero) it exhibits a multiplicitydependence for growth in others [e.g. rodent and human foetal lung (HFL) cells]. Phenotypic analysis of the mutant led to the suggestion that the Vmw68 polypeptide performs an important function during late gene expression but can be substituted by a host cell factor in permissive cell types (Sears et al., 1985) .
Viruses with defects in the two other IE polypeptides, Vmw110 and Vmwl2, have not been described and it is therefore not certain whether these are essential for lytic growth (but see note added in proof). Transfection experiments with plasmids encoding the various IE genes have however been performed to investigate their roles in the activation of HSV early gene promoters. The results confirmed the importance of Vmw 175 in early gene expression (Persson et al., 1985) and also demonstrated that the presence of Vmwll0 is required to achieve maximum expression from plasmid-encoded early promoters (Everett, 1984; O'Hare & Hayward 1985a, b; Gelman & Silverstein, 1985; Quinlan & Knipe, 1985) . A possible role for Vmwl2 in augmenting expression has additionally been suggested (O'Hare & Hayward, 1985 a) .
In the present study we have attempted to investigate further the function of the Vmw110 gene by isolating and characterizing a mutant virus carrying a specific deletion within this gene. A plasmid specifying a truncated form of Vmw110, which had previously been shown to be inactive in short-term transfection assays (Perry et al., 1986) , was selected as the source of the mutated sequences. Because the consequence of such a mutation on virus growth was not known, a cell line (M110) containing the wild-type (wt) Vmw110 gene was constructed which, it was hoped, might support the replication of progeny virus carrying any lethal defect in this gene. This approach was suggested by reports that similarly constructed cell lines can complement the growth of viruses containing lethal or conditional-lethal defects in another HSV-1 IE gene, that encoding Vmw 175 (DeLuca et al., 1985; Davidson & Stow, 1985) . The HSV-1 genome contains two copies of the Vmw 110 gene which are located within the TRL and IRL inverted repeats (Fig.  l a, b) , and, following recombination in Mll0 cells between the sequences specifying the truncated Vmw110 polypeptide and intact wt HSV-1 genomes, progeny were screened for virus carrying the expected deletion in both copies. The isolation and preliminary phenotypic characterization of such a mutant in cells not containing the wt Vmw110 gene are now described.
METHODS

Cells and virus.
Growth of baby hamster kidney 21 clone 13 (BHK) cells, a thymidine kinase-deficient line (BHK TK-), and TK + transformants thereof was as previously described (Davidson & Stow, 1985) . HFL fibroblasts (Flow Laboratories, 2002) , Vero cells and HeLa cells were grown in Eagle's medium supplemented with 10 ~ foetal calf serum. The parental virus was wt HSV-1 (Glasgow strain 17), and DNA was prepared from virus particles using the method of Wilkie (1973) .
Plasmids. Plasmid p JR3 (a gift of Ms J. Russell and Dr C. M. Preston) consists of the PstI plus SstI fragment containing the IE Vmw110 gene (Fig. 1 e) inserted between the corresponding sites ofa pUC9 derivative in which the HinclI site had previously been converted to an SstI site using an oligonucleotide linker (Fig. 1 c) . Plasmid p JR8 (Fig. l f) contains the EcoRI plus HindlII insert from p JR3 cloned into the ClaI site of a plasmid, pTK1 (Wilkie et al., 1979) , consisting of the BamHIp fragment specifying the HSV-1 TK inserted into the corresponding site of the vector, pATI53 (Fig. 1 d) . Flush ends were generated at DNA termini by treatment with T4 DNA polymerase in the presence of all four deoxyribonucleoside triphosphates prior to ligation (Maniatis et at., 1982) . Plasmid pl lOdel4 (a gift of Dr R. D. Everett) was constructed by XhoI plus Sa/I cleavage of p JR3 followed by religation, and contains an approximately 2 kb deletion within the Vmwll0 gene (Perry et al., 1986) . pJR33 was derived from p JR3 by deleting firstly between the HpaI and PstI sites, and subsequently between the NcoI and SstI sites. The resulting viral insert consists of the NcoI plus Hpal fragment (Fig. 1 b) and can be excised by digestion with EcoRI plus HindlII. Plasmid DNAs were prepared essentially as described by .
Transformation of BHK TK-cells and establishment of cell line MI IO. Subconfluent monolayers of BHK TKcells (106 cells per 50 mm diam. plastic Petri dish) were transfected with 0.05 ~tg supercoiled p JR8 in the presence of 10 ~tg BHK TK-cell carrier DNA, and TK + transformants were selected as described by Davidson & Stow (1985) . Cell line M110 was established after pooling the 16 colonies appearing on two separate plates.
Isolation of an HS V-1 mutant containing a deletion in the Vmw l l O gene. Monolayers of M 110 cells in 50 mm diam. Petri dishes were transfected with 0.05 ~tg intact HSV-I DNA and 0.2 ktg of pl lOdel4 cleaved with EcoRI plus HindIII, using the calcium phosphate technique followed by a dimethyl sulphoxide boost as previously described (Stow & Wilkie, 1976) . Three days post-transfection the progeny virus was harvested and titrated on M110 cells. Single plaques were picked and the progeny used to infect M 110 cells in the 15 mm diam. wells of multi-well plates. The medium was retained as a virus stock, and total DNA prepared from the infected cells (Stow et al., 1983) . This DNA was analysed for the presence of viral genomes containing a deletion within the Vmw110 gene. Samples were cleaved with Pstl plus SstI, the resulting fragments separated by agarose gel electrophoresis, transferred to nitrocellulose and hybridized to p JR3 DNA labelled in vitro by nick translation. The experimental conditions were essentially as described previously (Stow et al., 1983) . The progeny from a well containing an excess of the deleted form of the p JR3 SstI plus PstI fragment was purified by performing limiting dilutions in multi-well plates Of M 110 cells and examining the structures of progeny genomes as before. Initial working stocks of a purified mutant virus (dl1403) in which the parental SstI plus PstI fragment was not detected were grown in M110 cells. During isolation of the mutant virus the presence of the wt Vmw 110 gene in M110 cells did not noticeably interfere with the analysis of progeny virus DNA because the number of copies per cell of the transforming fragment (approx. 5) was greatly exceeded by the number of viral genomes (> 1000).
Virus growth assays. Yield and growth curve experiments were performed using cell monolayers in 35 mm Petri dishes infected with the stated amounts of virus. Forty-five rain after virus addition Eagle's medium containing 10% pooled human serum was added for 30 rain to neutralize residual virus. The cells were washed twice with phosphate-buffered saline (PBS) and incubation continued in 2 ml Eagle's medium containing 5 % calf serum. A temperature of 37 °C was used throughout. Progeny virus was harvested by scraping the cells into the growth medium followed by extensive sonication. Titration of the virus was performed on monolayers of BHK cells unless otherwise stated.
Preparation and analysis of [35S] methionine-labelledpolypeptides. Mock-infected and infected cells in the 15 mm diam. wells of multi-well plates were labelled with 20 ~tCi pS]methionine (Amersham; sp. act. > 800 Ci/mmol) in 200 ~tl PBS. IE polypeptides were generated at 38.5 °C as described by Preston et al. (1978) and labelled for 90 min following the release of the cycloheximide block. Examination of polypeptide synthesis through the growth cycle was performed at 37 °C using a labelling period of 60 rain at the times indicated. At the end of the labelling period the supernatant medium was removed and the cultures |ysed and harvested as described by . Samples were analysed by electrophoresis through SDS-polyacrylamide gels containing 10% acrylamide crosslinked with 1 part in 40 (w/w) N,N'-methylene bisacrylamide. The gels were fixed, dried and autoradiographed essentially as described by Marsden et al. (1978) .
Analysis of virus DNA replication and encapsidation. Comparison of the amounts of viral DNA accumulating in wt and d/1403 virus-infected cells were performed on samples of total cellular DNA prepared as described by Stow et al. (1983) . Encapsidated DNA was prepared from infected cells essentially as described (Stow et al., 1983) except that the sonication step was omitted and DNase digestion performed in the presence of 0.5 % NP40. This modification ensured efficient digestion of cellular and non-encapsidated viral DNA. The DNase-resistant DNA was subsequently prepared as before.
Quantification of viral DNA was performed by spot hybridization to 32p-labelled pGX127 DNA, containing the KpnI h fragment from the HSV-1 Us region inserted into the vector pAT153, essentially as described by Kafatos et al. (1979) . The spots were excised and the counts hybridized were determined in a scintillation counter.
Marker rescue ofdl1403. BHK cell monolayers in 35 mm plastic Petri dishes were co-transfected with 0.2 l-tg intact dl1403 DNA and 0.5 Ixg p JR33 which had been cleaved with EeoRI and HindIII. Two days after transfeetion the plates were harvested, and the progeny used to infect fresh monolayers of BHK cells at approximately 0.001 p.f.u./cell. The passaged virus was harvested 2 days after infection and purified by performing limiting dilutions in multi-well plates of BHK cells. Virus stocks were prepared from wells containing single plaques and their genomes analysed as described above. Four of the 12 plaques analysed yielded virus containing a single PstI plus SstI fragment which hybridized to a p JR3 probe and co-migrated with the corresponding fragment of wt HSV-1 DNA. Three single plaque isolates were similarly prepared, as controls, from BHK cell monolayers co-transfected with intact d/1403 and pUC8 which had been cleaved with EcoRI and HindIII.
RESULTS
Construction of cell line Ml lO
Because it was not known whether Vmw110 performed an essential function during lytic infection, we initially constructed a cell line containing sequences encoding the wt gene product, and, it was hoped, capable of complementing the growth of any progeny which might carry a lethal defect. A PstI plus SstI fragment mapping entirely within the TRL and IR L inverted repeats and specifying a complete Vmw110 gene ( Fig. 1 b) was cloned into a plasmid, pTK1, containing the HSV-I TK gene. The resulting plasmid, p JR8 (Fig. 1j0 , was used to transform BHK TK-cells to the TK + phenotype, and cell line M1 i0 was established after pooling 16 TK + colonies. Although we did not obtain direct evidence that M1 l0 cells could express functional Vmw110, we proceeded to isolate the mutant virus using these cells. This decision was based upon the results of Southern blot analysis of the DNA of M 1 l0 cells, which revealed the presence of an apparently intact PstI plus SstI fragment containing the Vmwl 10 gene (data not shown), and upon earlier experiments in which a similarly constructed uncloned cell line (M64) containing sequences encoding the IE polypeptide Vmwl75 had efficiently complemented the growth of mutants with defects in this gene (Davidson & Stow, 1985) .
Isolation of a mutant containing a deletion within the VmwllO gene
The source of the mutated Vmwl l0 gene was plasmid pl 10del4 which contains a 2 kb deletion within the gene (Fig. 1 b) and specifies a product exhibiting no detectable activity in transient transfection assays. Plasmid pl lOdel4 was cleaved with EcoRI plus HindIII and the resulting fragments were co-transfected with intact HSV-1 DNA into Mll0 cells. The structure of progeny virus DNA was examined as described in Methods, and recombinant viruses containing the pllOdel4 deletion were identified and plaque-purified. A mutant, di1403, in which both the TR L and IRE copies of the Vmwl l0 gene carried the deletion was selected for further study.
DNA was prepared from wt HSV-1 and dl1403 virus particles and digested with either PstI plus SstI or BamHI alone. The fragments were separated by agarose gel electrophoresis, blotted on to nitrocellulose and hybridized to 32p-labelled p JR3 or HSV-1 DNA. Fig. 2 shows that the PstI plus SstI a fragment of wt HSV-1, which co-migrated with the cloned insert of p JR3, was replaced in dl1403 by a smaller fragment co-migrating with the insert of p110del4. Similarly, the BamHI b and e fragments, located partly within IRE and TRL respectively, and containing the sequences removed during the construction of p110del4, were replaced by two smaller fragments in dl1403. The remaining fragments of dl1403 and wt HSV-I, detected using the HSV-1 probe, were indistinguishable in size. The results confirm that both copies of the Vmwl l0 gene of dl1403 contain the pl lOdel4 lesion, and indicate that other major changes had not occurred.
Growth of dl1403 in BHK cells
An initial working stock of dl1403 was prepared from monolayers of M1 l0 cells in 50 mm diam. Petri dishes and its growth characteristics were examined in M 110 and BHK cells. Table  1 (a) shows that the titre of the dl1403 stock was 4.7-fold higher in BHK than in M110 cells. A stock of wt HSV-1 titrated in parallel yielded 15.3-fold more plaques in BHK cells.
Virus replication was compared by infecting monolayers of BHK and M110 cells with 0-01 p.f.u./cell wt HSV-1 or dl1403 (calculated from the titres obtained in BHK cells). Forty-four h post-infection the progeny was titrated on BHK cells. Table 1 (b) shows that both viruses replicated more efficiently in BHK than in Mll0 cells, wt HSV-1 and dl1403 respectively attaining 114-fold and 30-fold higher titres. Although M 1 l0 cells may complement the growth of dll403 to a small extent, BHK cells were chosen for the subsequent preparation of stocks of the mutant virus because of the substantially higher yields and plaquing efficiencies obtained with these cells.
(a) (b) Herpes simplex virus type 1 deletion mutant It was also observed that the morphology of dl1403 and the parental wt HSV-1 plaques differed on BHK cells. Plaques of dl1403 were slightly smaller and exhibited a more sharply defined border (Fig. 3 b) . Extending the incubation period of cells which received dl1403 from 2 to 4 days did not result in an increase in the number of plaques appearing. Progeny isolated from plaques appearing on monolayers of BHK cells infected with dl1403 exhibited both the genome structure and plaque morphology characteristic of the mutant virus, confirming that these plaques did not result from the presence of contaminating wt HSV-1. Replicate plates were harvested at various times after infection and yields of progeny virus titrated on monolayers of B H K cells. Although dl1403 was clearly able to replicate on untransformed B H K cells, the yield of infectious virus was approximately 100-fold lower than that of wt HSV-1. In repeat experiments a 20-to 100-fold lower yield ofdl1403 was consistently observed.
Polypeptide synthesis in B H K cells infected with d11403
A comparison of IE polypeptides induced by wt HSV-1 and dl1403 in B H K cells is shown in Fig. 5 . Cells were either mock-infected or infected with 5 p.f.u./cell and incubated for 5 h in the Fig. 3 . Morphology of (a) wt HSV-1 and (b) dl1403 plaques on BHK cells. Virus stocks were titrated in parallel, and 2 days after infection the monolayers were stained with Giemsa and photographed. Bar marker represents 2.5 mm. consists of the first 105 amino acids of Vmwl l0 followed by 56 amino acids encoded by a reading frame different from that used in the wt polypeptide, and has a mol.wt, of 16985. A novel product of this size was not detected in cells infected with dl1403, although this may have been because of its low methionine content (the single methionine residue is the N-terminal amino acid), or the possibility that it is relatively unstable. The time courses for polypeptide synthesis were compared in B H K cells infected with 5 p.f.u./cell wt HSV-1 or dl1403. Cells were labelled for 1 h with [35S]methionine at various times after infection and the products were analysed on a 1 0~ polyacrylamide gel. Fig. 6 shows that the patterns of polypeptide synthesis in cells infected with dl1403 or wt HSV-1 were virtually indistinguishable. The above results indicated that the amounts of viral D N A synthesized and encapsidated in cells infected with wt HSV-1 or dl1403 were very similar. Electron microscopic examination of virus stocks prepared from monolayers of BHK cells infected with dl1403 or wt HSV-1 also indicated that comparable numbers of virus particles were produced. Given the substantially lower yield of infectious dl1403 arising from such infections, these data indicate that dl1403 must exhibit a correspondingly higher particle/p.f.u, ratio.
On
The wt HSV-1 and dl1403 stocks used in several of the experiments presented in this paper were prepared in parallel and exhibited particle/p.f.u, ratios of 27 : 1 and 723 : 1 respectively. The ratios determined for two other working stocks of wt HSV-1 were 22 : 1 and 79 : 1, and for two other stocks of dl1403 (prepared on separate occasions) were 1000 : 1 and 904 : 1. These results therefore indicate that an important property of dl1403 stocks is that they exhibit a much higher particle/p.f.u, ratio on BHK cells than stocks of wt HSV-1.
Growth and plaquing of d11403 in other cell lines
Titration of wt HSV-1 stocks on BHK, HFL, Vero and HeLa cell monolayers indicated that the parental virus plaqued with similar efficiency on all four cell lines (Table 2 ). In contrast, although dl1403 plaqued with comparable efficiency on BHK and HeLa cells, the number of plaques obtained on monolayers of H F L and Vero ceils were 22-and 146-fold lower respectively than on BHK cells. A consequence of these lower plaquing efficiencies is that the particle/p.f.u. * Plaquing efficiencies were determined by titrating stocks of wt HSV-1 or dl1403 in parallel on monolayers of the indicated cell lines. The resulting titres are given in p.f.u./ml, and the ratios indicate the titre of wt HSV-1 divided by that of dl1403 on each cell line, t Monolayers of the indicated cell lines were infected with 5 p.f.u./cell wt HSV-I or dl1403 (calculated from titres obtained on BHK cells). Twenty-four h post-infection the progeny were harvested and titrated on B H K cell monolayers. The resulting titres are presented in p.f.u./ml, and the ratios of the yield of wt HSV-I to that of d11403 are given for each cell line. ratios determined for dl1403 in HFL and Vero cells were higher than in BHK cells by corresponding factors (i.e. approx, l0 s particles/p.f.u, in Vero cells).
The yields of wt HSV-1 and dl1403 on BHK, HFL, Vero and HeLa cells infected with 5 p.f.u./cell (calculated from the titres recorded on BHK cells) were also compared. Progeny virus was harvested 24 h post-infection and titrated on BHK cell monolayers. Table 2 shows that in each instance the yield of infectious d/1403 was between 15-and 56-fold lower than that of wt HSV-1. Thus although d/1403 plaqued much less efficiently on Vero and HFL cells than on BHK cells its growth following infection of these cells at a high multiplicity did not seem to be similarly impaired.
Marker rescue ofd11403
To verify that the reduction in the yield of dl1403 compared to the parental wt HSV-1 in BHK cells was a consequence of the deletion in the Vmw110 gene, marker rescue experiments were performed with a cloned HpaI plus NcoI fragment from this region of the genome (Fig. 1 b) . BHK cells were co-transfected with intact d11403 DNA and p JR33 which had been cleaved with EcoRI and HindlII. Four plaque isolates (R1 to R4) in which the deleted sequences in both copies of the Vmw110 gene had been restored were identified as described in Methods, and compared with three plaque isolates (C 1 to C3) of d11403 obtained from a parallel transfection in which p JR33 was replaced by the vector pUC8.
BHK cells were infected with 3 p.f.u./ceU of each plaque isolate and of wt HSV-1 and dl1403. Twenty-four h later, the virus was harvested and titrated on BHK cell monolayers. Table 3 shows that the four isolates in which the deleted sequences had been restored gave yields similar to wt HSV-1. In addition the plaque morphology exhibited by these rescued viruses was indistinguishable from that of wt HSV-1 (data not shown). In contrast the three control isolates gave lower yields and retained the distinctive plaque morphology of dl1403. These results indicate that the deletion within the Vmwll0 gene of dl1403 is responsible for both the reduction in yield and alteration in plaque morphology compared to wt HSV-1.
DISCUSSION
The experiments described in this paper were aimed to investigate the function of the HSV-1 IE polypeptide Vmwl 10 by using a specifically constructed mutant virus. Previous information relating to the role of Vmwll0 has, in contrast, been obtained principally from transient expression assays which examined its effect on early gene transcription. These experiments demonstrated that Vmwl 10 and Vmw175 could independently stimulate expression from three of the four plasmid-encoded early promoters tested, but probably acted more effectively in combination (O'Hare & Hayward, 1985a; Gelman & Silverstein, 1985; Quinlan & Knipe, 1985) . Although Vmw110 alone did not detectably stimulate transcription from the fourth promoter (belonging to the glycoprotein gD gene), it was required together with Vmw175 to achieve maximum expression (Everett, 1984) . Taken together, these reports suggest that Vmw110 and Vmw175 probably act synergistically to stimulate early gene transcription, and Vmw110 might therefore reasonably be expected to perform an essential function during the lytic infection. The latter conclusion is reinforced by the observation that although mutants exist which carry deletions within either TRL or IRL which affect one copy of the Vmw110 gene Poffenberger et al., 1983; Brown et al., 1984; Harland & Brown, 1985) , viruses with the corresponding deletion present in both repeats have not been reported. However, it should be noted that these deletions possibly also involve other genes encoded within the proximity of Vmw110.
The above considerations led us to carry out the isolation and initial propagation of the deletion mutant, dl1403, in a cell line (M110) containing the wt Vmw110 gene. Experiments comparing the growth of dl1403 on M 110 and BHK cells (Table 1) , however, established that the mutant replicated and plaqued more efficiently on BHK cells which were therefore used for the subsequent production of virus stocks. The reason for the inefficient growth and plaquing of wt HSV-1 on M 110 cells (Table 1) (which contains a single HSV-1 fragment encoding the TK) also exhibited this property (unpublished observations). The relative reduction in plaquing efficiency and yield of virus observed in M110 cells were smaller for dl1403 than for wt HSV-1, suggesting that mutant virus growth may have been complemented to a limited extent by the transformed cells. A procedure involving the screening of progeny virus genomes for the presence of the required deletion enabled the isolation of dl1403 without any prior knowledge of its phenotypic characteristics, and similar approaches should be applicable to the isolation of mutants with lesions in other genes. Although both copies of the dl1403 Vmw110 gene carry the deletion it is probable that an initial recombination event between the plasmid-encoded sequences and intact HSV-1 DNA involved only one of the inverted repeats. Intermolecular recombination among progeny genomes would subsequently have resulted in the segregation of viruses containing either two intact or two deleted copies of the Vmw110 gene.
The mutated sequences introduced into dl1403 originate from plasmid p 110del4 in which the region between the XhoI and SalI sites of the Vmw110 gene has been precisely excised (Fig. 1 b) . The predicted product consists of the N-terminal 105 amino acids of Vmw110 followed by an additional 56 amino acids, encoded by a reading frame different from that used by the wt polypeptide, and located within the untranslated 3' end of the wt Vmw110 mRNA (Perry et al., 1986) . In transient expression experiments a combination of plasmids pl lOdel4 and pGX58 (which specifies Vmw175) did not increase the activity of a plasmid-encoded gD promoter above the level observed with pGX58 alone, whereas co-transfection with the parental plasmid, pJR3, and pGX58 stimulated expression approximately 30-fold (Perry et al., 1986) . The truncated Vmwll0 polypeptide therefore exhibits no detectable activity in this transient expression system. Introduction of the mutated sequences from pl lOdel4 into the HSV-1 genome enabled the consequences of the same deletion to be examined within the context of an infection mediated by virus particles. The two principal phenotypic differences in BHK cells between dl1403 and wt HSV-1 were that the mutant produced plaques with an altered morphology and exhibited virus yields 20-to 100-fold lower than those of its parent. Surprisingly, however, the patterns of polypeptide synthesis throughout infection, the yields of viral DNA and quantities packaged, and the number of particles produced following infection with 5 p.f.u./cell dl1403 or wt HSV-1 were very similar. Marker rescue experiments verified that the above phenotypic differences resulted from the deletion introduced into the Vmw110 gene of dl1403. We attribute these differences directly to the inability of the mutant to synthesize a normal Vmw 110 polypeptide, but note the possibility that the deletion in dl1403 could also affect the expression of any overlapping gene within this region. Chou & Roizman (1986) have recently described a 5.2 kb mRNA which may overlap the transcript encoding Vmw110, but the structure of the mRNA has not been defined nor has the product it encodes been identified.
Although the possibility that the truncated Vmwl 10 polypeptide encoded by dl1403 retains a low level of activity can not be rigorously excluded, the results suggest that Vmw110 is not essential for either virus replication or for the synthesis of early and late viral polypeptides. Nevertheless, the high particle/p.f.u, ratios observed for stocks of dl1403 indicate that Vmw110 does play some role during lytic growth. An increased particle/p.f.u, ratio could result from either a structural defect in the virus particles themselves, or from a reduced ability of the mutant to initiate plaque formation following infection of cells with a low multiplicity of virus. The wide variation in dl1403 plaque numbers observed on BHK, Vero and HFL cells suggests that the high particle/p.f.u, ratios on BHK cells are unlikely to reflect simply the presence of a small minority of infectious particles. Since the yields of dl1403 from these cell lines showed little variation it appears that the defect is largely overcome at high multiplicities of infection. This conclusion is supported by the similarities in protein and DNA synthesis seen following infection of BHK cells with 5 p.f.u./cell wt HSV-1 or dl1403. It thus appears probable that the defect in dl1403 is manifest primarily at low multiplicities of infection, and that the 20-to t00-fold reduction in its yield compared to wt HSV-1 is an indirect consequence of this defect becoming expressed during the titration of the progeny. If this were the case it would be expected that stocks of dl1403 would exhibit a higher titre on a cell line capable of expressing the wt Vmw110 gene, and of plaquing wt HSV-1 with an unreduced efficiency, than on BHK cells. Attempts are in progress to construct such a cell line using selectable markers other than the HSV-1 TK gene.
It is interesting to note that R325-ffI'K +, an HSV-1 mutant carrying a 500 bp deletion in the IE gene encoding Vmw68, also exhibits a multiplicity-dependence for growth in certain cell types (e.g. rat cells and confluent resting HFL cells). However, in this instance, there also appear to be cell lines (e.g. Vero and HEp-2) which express a factor that can complement the growth of the mutant virus at low multiplicities of infection (Sears et al., 1985) .
The block to dl1403 growth following infection with a low multiplicity of virus has not been determined, and it remains possible that early gene expression may be impaired, as suggested by the results of the transient expression assays discussed above. These short-term assays also demonstrated that Vmw175 could activate early gene expression in the absence of Vmw110 (Everett, 1984; O'Hare & Hayward, 1985a; Gelman & Silverstein, 1985; Quinlan & Knipe, 1985) , and suggested additional roles for Vmwll0 in activating Vmw175 expression, and for Vmw175 in depressing its own synthesis and also possibly that of Vmw 110 (O'Hare & Hayward, 1985b) . A consequence of these latter suggestions is that larger quantities of Vmw175 may be synthesized in infected cells in the presence of Vmwl 10 than in its absence (O'Hare & Hayward, 1985b) . Vmw175 is known to be essential for the progression to the early and late phases of infection (Preston, 1979; Watson & Clements, 1980; Dixon & Schaffer, 1980) , and it is possible that a critical level of the polypeptide must accumulate for this to occur. In cells infected with low amounts of dl1403 (e.g. < 1 particle/cell) the levels of Vmw175 accumulating might therefore be insufficient to allow efficient entry into the lyric cycle, explaining the reduced plaquing efficiency of the mutant under these conditions. Increasing the multiplicity of infection would be expected to result in an increased initial synthesis of Vmw175, and this, even in the absence of Vmw110, may have facilitated the progression to the later stages of infection which was observed following infection at 5 p.f.u./cell.
Characterization of dl1403, and of the phenotypically similar IE Vmw68 gene mutant, R325-/~TK + (Sears et al., 1985) , indicate that the requirements for certain HSV-1 gene products are highly dependent upon cell type and multiplicity of infection. Caution should therefore be exerted in extrapolating results obtained from transient expression assays or following infection with high multiplicities of wt or mutant virus to events occurring in cells infected with single virus particles. High doses of virus are less likely to be encountered in vivo where an important consequence of infection is frequently the establishment of a latent infection within the nervous system. Experiments are currently in progress to determine the behaviour of dl1403 in laboratory model systems for latent infection.
